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2,2'-(((Propane-1,3-diylbis(oxy)) bis(4,1-phenylene)) bis(thiophene-5,2-diyl)) bis(1-methyl-1H-benzo[d]imidazole-5-carboximidamide) tetrahydrochloride (DB 2528).
To a stirred solution of 5-bromothiophene-2-carboxaldehyde dimethyl acetal (7.11 g, 0.03 mol) and 4-hydroxyphenylboronic acid (4.52 g, 0.033 mol) in 70 mL 1,4-dioxane, under N2, was added 30 ml 2M aqueous K2CO3 and 30 ml ethanol, followed by Pd(PPh3)4 (0.69 g, 2 mol %), and the mixture was heated at reflux for 12 h (TLC monitored). The solvent was removed, the residue was stirred in ice-water and acidified with HCl and external cooling. The yellow solid which separated, was washed with water, dried and recrystallized from DCM-methanol to yield 5-(4-hydroxyphenyl)-thiophene-2-carboxaldehyde as a yellow solid 4.16 g (68%), mp 210-12 °C dec. -1,3-diylbis(oxy) )bis(4,1-phenylene))bis(4-methylthiophene-5,2-diyl))bis( 
2,2'-(((Propane
Biophysical Experimental Materials
In the DNA thermal melting (Tm), circular dichroism (CD), fluorescence anisotropy, and electrospray ionization mass spectrometry (ESI-MS) experiments, the hairpin oligomer sequences were used as shown in Table S1 . In SPR experiments, 5′-biotin labeled hairpin DNA oligomers were used. All DNA oligomers were obtained from Integrated DNA Technologies, Inc. (IDT, Coralville, IA) with reverse-phase HPLC purification and mass spectrometry characterization.
The buffer used in Tm, CD, and fluorescence experiments was 50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.4 (TNE 100). The biosensor-surface plasmon resonance (SPR) experiments were performed in filtered, degassed TNE 100 with 0.05% (v/v) surfactant P20. 50 mM ammonium acetate buffer with 10% MeOH was used in ESI-MS experiments.
UV-vis Thermal Melting (Tm)
DNA thermal melting experiments were performed on a Cary 300 Bio UV-vis spectrophotometer (Varian).
The concentration of each hairpin DNA sequence was 3 μM in TNE 100 using 1 cm quartz cuvettes. The solutions of DNA and ligands were tested with the ratio of 2:1 [ligand] : [DNA] . All samples were increased to 95 °C and cooled down to 25 °C slowly before each experiment. The spectrophotometer was set at 260 nm with a 0.5 °C/min increase beginning at 25 °C, which is below the DNA melting temperature and ending above it at 95 °C. The absorbance of the buffer was subtracted, and a graph of normalized S8 absorbance versus temperature was created using KaleidaGraph 4.0 software. The ΔTm values were calculated using a combination of the derivative function and estimation from the normalized graphs.
Biosensor-Surface Plasmon Resonance (SPR)
SPR measurements were performed with a four-channel Biacore T200 optical biosensor system (GE Healthcare, Inc., Piscataway, NJ). A streptavidin-derivatized (SA) CM5 sensor chip was prepared for use by conditioning with a series of 180 s injections of 1 M NaCl in 50 mM NaOH (activation buffer)
followed by extensive washing with HBS buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.05% P20, pH 7.4). Biotinylated-DNA samples (AAAATTTT, AAAAGTTTT, GAAG, GAAAC, GAAAAC, and GAAAAAC hairpins, Table S1 ) of 25-30 nM were prepared in HBS buffer and immobilized on the flow cell surface by noncovalent capture as previously described. 
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RUmax can be used as a fitting parameter, and the obtained value compared to the predicted maximal response per bound ligand can also be used to independently evaluate the stoichiometry.
2 Kinetic analyses were performed by globally fitting the binding results for the entire concentration series using a standard 1:1 kinetic model with integrated mass transport-limited binding parameters as described previously.
3
Fluorescence Emission Spectroscopy and Anisotropy
Fluorescence spectra were recorded on a Cary Eclipse Spectrophotometer, with excitation and emission slit width typically fixed at 10, 10 nm. The free compound solutions at different concentrations were prepared in TNE 100, and DNA sequence aliquots were added from a concentrated stock. Titration S9 spectra were collected after allowing an incubation time of 10 min. The excitation wavelength is based on molecular absorbance from UV-vis spectroscopy. Emission spectra were monitored at the fluorescence excitation wavelength at 25 °C.
Fluorescence anisotropy (r) measures the extent of polarization of the fluorescence emission of a system in solution when excited with polarized light. It is directly related to the rotational diffusion of the system and is low for small and flexible molecules (higher depolarization), and increases when larger complexes are formed (slower rotational movement, smaller depolarization). 4 Therefore, the change in fluorescence anisotropy can be used to monitor a binding reaction. 5 This is particularly convenient for systems where no or small changes in fluorescence intensity is observed between the free and bound states. The fluorescence anisotropy is defined in the equation:
where Ivv is the fluorescence emission intensity measured for vertically polarized excitation and vertically polarized emission. Ivh is the intensity measured for vertically polarized excitation and horizontally polarized emission, and G is a correction factor.
Depending on the parameters achieved from the previous step, add an appropriate concentration of ligands until the total intensity of emission wavelength is ~ 400. Record that concentration. Place blank cuvette containing TNE 100 in the instrument. Collect the spectrum using parameters obtained from the 
Circular Dichroism (CD)
Circular dichroism experiments were performed on a Jasco J-810 CD spectrometer in 1 cm quartz cuvette at 25 °C. A buffer scan as a baseline was collected first in the same cuvette and subtracted from the scan of following samples. The hairpin DNA sequence GAAAC or AAAATTTT (5 µM), Table S1 , in TNE 100 was added to the cuvette prior to the titration experiments and then the compound was added to the DNA solution and incubated for 10 min to achieve equilibrium binding for the DNA-ligand complex S10 formation. For each titration point, four spectra were averaged from 500 to 220 nm wavelength with scan speed 50 nm/min, with a response time of 1 s. Baseline-subtracted graphs were created using the KaleidaGraph 4.0 software.
Competition Electrospray Ionization Mass Spectrometry (ESI-MS)
Electrospray Ionization Mass Spectrometry (ESI-MS) analyses were performed on a Waters Q-TOF micro Mass Spectrometer (Waters Corporate, Milford, MA) equipped with an electrospray ionization source (ESI) in a negative ion mode. DNA sequences AAAATTTT, AAAAGTTTT, GAAC, GAAAC, GAAAAC and GAAAAAC, Table S1 , for ESI-MS experiments were purified by dialyzing it in 50 mM ammonium acetate buffer (pH 6.7) at 4 ºC with 3x buffer exchange. Test samples were prepared in 50 mM ammonium acetate with 10% v/v methanol at pH 6.7 and introduced into the ion source through temperature of 70 °C, and source temperature of 100 °C. Nitrogen was used as nebulizing and drying gas. A multiply charged spectra were acquired through a full scan analysis at mass range from 300-2500
Da and then deconvoluted to the spectra presented. MassLynx 4.1 software was used for data acquisition and deconvolution.
Ab-Initio Calculations and Molecular Dynamic (MD) Simulation
Optimization and electrostatic potential calculations were performed for the DB2528 molecule using DFT/B3LYP theory with the 6-31+G* basis set in Gaussian 09 (Gaussian, Inc., 2009, Wallingford, CT)
with Gauss-view 5.09. 6 Partial charges were derived using the RESP fitting method (Restrained Electrostatic potential). 7, 8 AMBER 14 (Assisted Model Building with Energy Refinement) software suite was used to perform molecular dynamic (MD) simulations.
Canonical B-form ds[(5'-CCAAAGAAACTTTGG-3')(5'-
CCAAAGTTTCTTTGG-3')] DNA was built in Nucleic Acid Builder (NAB) tool in AMBER. AMBER preparation and force field parameter files required to run molecular dynamic simulations for DB2528 molecule were produced using ANTECHAMBER. 10 Specific atom types assigned for DB2528 molecule were adapted from the ff99 force field. Most of the force field parameters for DB2528 molecule were derived from the existing set of bonds, angles and dihedrals for the similar atom types in parm99 and GAFF force fields. Some dihedral angle parameters were obtained from previously reported parametrized data. 11, 12 Parameters of DB2528 in frcmod file are listed at the Figure S6 .
AutoDock Vina program was used to dock the DB2528 in the minor groove of DNA to obtain the initial structure for DB2528-DNA complex. 13 MD simulations were performed in explicit solvation S11 conditions where the DNA-DB2528 complex was placed in a truncated octahedron box filled with TIP3P water using xleap program in AMBER. Sodium ions were used to neutralize the system. A 10 Å cutoff was applied on all van der Waals interactions. The MD simulation was carried out using the Sander module with SHAKE algorithm applied to constrain all bonds. Initially, the system was relaxed with 500 steps of steepest-descent energy minimization. The temperature of the system was then increased from 0 K to 310 K for over 10 ps under constant-volume conditions. In the final step, the production run on the system was subsequently performed for 300 ns under NPT (constant-pressure) conditions. Coordinate file of DB2528-DNA complex along with water molecules in proximity is also attached (terminal bp is not included due to fraying at the ends of DNA). Table S1 . All sequences used in this paper.
Tables and Figures
a Name Sequences
The loop circle is shown underlined. The 5'-biotin labeled sequences were used in SPR experiments. Full DNA sequences can be seen in Table S1 .
b: The values are the melting temperature of DNAs only used to calculate the relative data. AAAGAAACTTT; B) AAAATTTT (Table S1 ). Arrow indicates the ligand induced spectral changes in DNA during titration. 
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